Arabidopsis heterotrimeric G-protein complex modulates pathogen-associated molecular pattern-triggered immunity (PTI) and disease resistance responses to different types of pathogens. It also plays a role in plant cell wall integrity as mutants impaired in the Gb-(agb1-2) or Gc-subunits have an altered wall composition compared with wild-type plants. Here we performed a mutant screen to identify suppressors of agb1-2 (sgb) that restore susceptibility to pathogens to wild-type levels. Out of the four sgb mutants (sgb10-sgb13) identified, sgb11 is a new mutant allele of ESKIMO1 (ESK1), which encodes a plant-specific polysaccharide O-acetyltransferase involved in xylan acetylation. Null alleles (sgb11/esk1-7) of ESK1 restore to wild-type levels the enhanced susceptibility of agb1-2 to the necrotrophic fungus Plectosphaerella cucumerina BMM (PcBMM), but not to the bacterium Pseudomonas syringae pv. tomato DC3000 or to the oomycete Hyaloperonospora arabidopsidis. The enhanced resistance to PcBMM of the agb1-2 esk1-7 double mutant was not the result of the re-activation of deficient PTI responses in agb1-2. Alteration of cell wall xylan acetylation caused by ESK1 impairment was accompanied by an enhanced accumulation of abscisic acid, the constitutive expression of genes encoding antibiotic peptides and enzymes involved in the biosynthesis of tryptophan-derived metabolites, and the accumulation of disease resistance-related secondary metabolites and different osmolites. These esk1-mediated responses counterbalance the defective PTI and PcBMM susceptibility of agb1-2 plants, and explain the enhanced drought resistance of esk1 plants. These results suggest that a deficient PTI-mediated resistance is partially compensated by the activation of specific cell-wall-triggered immune responses.
INTRODUCTION
Heterotrimeric G-proteins couple extracellular signals to changes in intracellular responses in amoebae, fungi, yeasts, plants and animals (Temple and Jones, 2007; Urano et al., 2013) . In animals, the heterotrimeric G-protein complex consists of Ga-, Gb-and Gc-subunits that become activated upon ligand binding to membrane-bound G-protein-coupled receptors (GPCRs). GPCRs catalyze nucleotide exchange on Ga-subunits upon ligand perception (Oldham and Hamm, 2008) , provoking the release of the Gbc heterodimer from the trimer. The activated Ga and Gbc interact with downstream effectors to transduce the signal. While metazoans often possess multiple genes encoding the G-protein subunits, the heterotrimer is less variable in plants. For example, Arabidopsis has only one canonical Ga-subunit (GPA1), one Gb-subunit (AGB1) and three Gc-subunits (AGG1, AGG2 and AGG3). Arabidopsis also has three atypical extra-large G-proteins (XLG1-XLG3) that interact with Gbc (Zhu et al., 2009; Chakravorty et al., 2015; Maruta et al., 2015; Urano et al., 2016) . The Arabidopsis G-protein complex is maintained in its inactive state by the AtRGS1 protein, whose agonist-induced endocytosis leads to sustained activation of the heterotrimer Urano et al., 2013; Liao et al., 2017) .
Heterotrimeric G-proteins modulate many plant developmental processes and, as such, the loss-and gain-of-function mutations in the different G-protein subunits lead to altered stomata, shoot and root development . For example, agb1 plants have modified organ morphology, such as rounder leaves and shorter siliques (Ullah et al., 2003; Urano et al., 2015) . The size reduction of some organs in agb1 is due to altered cell proliferation processes that also explain the shortened hypocotyls and open apical hooks of etiolated agb1-2 seedlings (Ullah et al., 2001 (Ullah et al., , 2003 Wang et al., 2006) . The heterotrimeric G-protein complex also modulates responses to external stimuli like sensitivity to D-glucose, and thus agb1 seedlings are hypersensitive to this sugar (Ullah et al., 2001) . Several extragenic dominant sgb alleles [suppressor of G-protein beta1 (agb1-2); sgb1-sgb8] were identified that rescued the hypocotyl length and apical hook opening phenotypes of agb1-2: SGB1 encodes a Golgi-localized hexose transporter that restores agb1-2 sugar hypersensitivity (Wang et al., 2006) , while SGB3 encodes an acireductone dioxygenase 1 (Friedman et al., 2011) .
The heterotrimeric G-protein complex is an essential component of Arabidopsis immune responses and resistance to pathogens with distinct colonization styles. Single (agb1-2) and double (agg1 agg2) mutants are highly susceptible to a wide range of pathogens. These include both necrotrophic (e.g. Plectosphaerella cucumerina BMM, PcBMM), biotrophic (e.g. Golovinomyces cichoracearum) and vascular (e.g. Fusarium oxysporum) fungi, bacteria (e.g. Pseudomonas syringae DC3000 or P. aeruginosa) and viruses (Llorente et al., 2005; Trusov et al., 2006; Ishikawa, 2009; Lorek et al., 2013; Torres et al., 2013; Cheng et al., 2015; Brenya et al., 2016) . The heterotrimeric G-protein complex operates in the pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) pathway, downstream of the recognition of PAMPs by their counterpart pattern recognition receptors (PRRs). Several components of the G-protein complex interact with some PRRs (Aranda- Sicilia et al., 2015; Tunc-Ozdemir et al., 2016; TuncOzdemir and Jones, 2017) . In agb1-2 and agg1 agg2 plants treated with PAMPs, such as the bacterial flg22 and elf18, or fungal chitin, the activation of early PTI responses is reduced compared with wild-type plants. Among these PTI are the production of reactive oxygen species (ROS) by the NADPH oxidase RbohD, the phosphorylation of mitogenactivated protein kinases (e.g. MPK3, MPK6 and MPK4/11) and the expression of PTI marker genes (Liu et al., 2013; Liang et al., 2016) . The atypical XLG2 subunit is also involved together with AGB1 and AGG1/2 in the regulation of PTI by attenuating proteasome-mediated degradation of BIK1 kinase, which phosphorylates and activates RbohD, allowing optimum immunity induction (Liang et al., 2016) . Moreover, activation of PTI seems to occur through the phosphorylation of the negative regulator AtRGS1 by some RLKs upon ligand recognition (Tunc-Ozdemir et al., 2016) .
The Arabidopsis heterotrimeric G-protein complex plays a function in the determination of plant cell wall composition (Klopffleisch et al., 2011; Delgado-Cerezo et al., 2012) . The role of plant cell wall structure in plant immunity and disease resistance has been previously described in mutants with altered wall-associated enzymes that show modified defensive responses (Brutus et al., 2010; Lionetti et al., 2012; Miedes et al., 2014) . For example, the irx1-6 plants, impaired in the biosynthesis of cellulose in secondary cell walls, convey enhanced resistance to PcBMM, Botrytis cinerea, G. cichoracearum and Hyaloperonospora arabidopsidis. irx1-6-mediated resistance results from the accumulation of abscissic acid (ABA) and activation of the ABA signaling pathway, and the accumulation of antimicrobial peptides [e.g. thionins and lipid transfer proteins (LTPs)] and tryptophan-derived metabolites (Chen et al., 2005; Hernandez-Blanco et al., 2007) . The cell walls of the PcBMM hypersusceptible mutants, such as agb1-2 and agg1 agg2, have minor alterations in their wall composition, i.e. putative modifications of xyloglucan or xylan structures compared with wild-type, but these changes significantly impact disease resistance (S anchez-Rodr ıguez et al., 2009; Delgado-Cerezo et al., 2012) .
Limited information is available about heterotrimeric G-protein complex downstream effectors and scaffold proteins regulating immune responses, with the exception of RACK1 (Klopffleisch et al., 2011; Cheng et al., 2015; Urano et al., 2015) . To identify additional components, we sought suppressors of agb1-2 (sgb) susceptibility to PcBMM and identified four mutants (sgb10-sgb13) that restored to wild-type resistance levels the enhanced susceptibility of agb1-2 to this fungus. Here, we show that sgb11 corresponds to a new mutant allele of ESKIMO1, which encodes a polysaccharide O-acetyltransferase involved in plant cell wall xylan acetylation (Urbanowicz et al., 2014) . Our data demonstrate that modification of the degree of xylan acetylation in plant cell walls is sufficient to trigger immune responses that overcompensate agb1-2-deficient PTI. These activated defensive responses are sufficient to restore the enhanced susceptibility of agb1-2 to PcBMM to wild-type resistance levels.
RESULTS
sgb10-sgb13 mutants restore to wild-type levels the hypersusceptibility of agb1-2 to PcBMM
We first investigated the resistance to PcBMM of sgb1-sgb8 gain-of-function suppressors identified in a screen to restore to wild-type the agb1-2 hypocotyl-associated phenotypes (Wang et al., 2006; Friedman et al., 2011) . Three-week-old wild-type and agb1-2 plants, the sgb agb1-2 double mutants and the irx1-6 cell wall mutant, included as a PcBMM resistance control, were inoculated with fungal spores, and the progression of the infection was determined by macroscopic evaluation of disease rating (DR) at different days post-inoculation (dpi; Figure S1a ). None of the sgb agb1-2 double mutants was able to fully suppress agb1-2 hypersusceptibility to PcBMM, which was macroscopically associated with a profuse necrosis of leaves and petioles that eventually led to plant decay and death (Figure S1b; Delgado-Cerezo et al., 2012; Ramos et al., 2013) . Therefore, we concluded that the sgb1-sgb8 mutations were not able to restore agb1-2-defective disease resistance to PcBMM.
These results prompted us to perform another suppressor screen of agb1-2 to isolate mutants restoring to wildtype levels the deficient resistance to PcBMM of agb1-2 plants. About 15 000 plants of an ethyl methanesulfonatemutagenized population of agb1-2 were inoculated with PcBMM, and disease progression was macroscopically evaluated at different dpi. Those plants that survived PcBMM infection or showed significantly reduced symptoms of necrosis compared with agb1-2 (at 10-15 dpi) were selected as putative sgb mutants. Their progenies were generated and inoculated with PcBMM to further validate the sgb phenotypes, and four sgb agb1-2 (sgb10-sgb13) double mutants were selected. Fungal biomass at 3 dpi in sgb11/sgb13 agb1-2 was similar to that of wild-type plants (Col-0), whereas in sgb10 agb1-2 plants it was similar to that of irx1-6-resistant plants (Figure 1a) . Disease symptoms at 13 dpi were also reduced in the four sgb agb1-2 mutants compared with the agb1-2 DR values (Figure 1b) . None of the selected sgb mutants fully restored to wild-type levels the developmental phenotypes associated with the agb1-2 mutation, such as leaf size and morphology and plant height and architecture (Figure 1c) . Therefore, we concluded that the identified sgb suppressors have a direct impact on the immune responses regulated by AGB1, while partially interfering with the developmental processes controlled by AGB1.
SGB11 encodes ESKIMO1 (ESK1), a specific polysaccharide O-acetyltransferase of the TBL protein family involved in xylan acetylation
To determine the genetic interaction between sgb11 and agb1-2, we obtained the sgb11 single mutant by crossing sgb11 agb1-2 with Col-0 wild-type plants, and we found that the enhanced resistance of the sgb11 mutant was linked to its characteristic developmental phenotype: dwarf and greener plants with reduced height and branching (Figure 1c) . To map this recessive mutation, sgb11 plants were crossed with La-0 plants to generate a segregating F2 population. Fine mapping located the SGB11 gene to a region of 200 kb on chromosome 3 between the genetic markers AthCDC2BG (76.14 cM) and nga707 (78.25 cM; Figure 2a ; Table S2 ). Full genome sequencing of sgb11 was performed, and a G to A mutation transition was found in the coding sequence of the ESKIMO1 (ESK1; At3g55990) gene. This mutation resulted in a premature stop codon (W262U) and a truncated protein of 261 amino acids, which lacks the DUF231 (domain of unknown function 231; Figure 2b ). This domain is present in the 46 members of a large protein family called TRICHOME BIREFRINGENCE LIKE (TBL) to which ESK1 belongs (Bischoff et al., 2010;  Figure S2 ; Table S4 ). ESK1 encodes a plant-specific polysaccharide O-acetyltransferase that is involved in xylan acetylation (Urbanowicz et al., 2014) , and has also been described as a key negative regulator of freezing, salt tolerance and water economy (Xin et al., 2007; Bouchabke-Coussa et al., 2008) , as ESK mutant alleles (esk1-1 to esk1-6) show enhanced tolerance to these abiotic stresses. The TBL family includes proteins like TBL26 that show a glucose-induced expression dependent on AGB1 (Grigston et al., 2008) , and a significant number of genes differentially regulated upon pathogen infection ( Figure S2 ).
To confirm that sgb11 is a novel ESK1 allele, we crossed sgb11 with the esk1-5 allele (SALK_089531; BouchabkeCoussa et al., 2008) , and found that all the F1 and F2 plants were phenotypically identical to the parental ones and show a characteristic dwarf phenotype with greener leaves (Figure 2b and c) . In addition, F1 plants (esk1-5
These results confirmed the genetic nature of the sgb11 mutation that we accordingly renamed esk1-7 allele (Figure 2d) . The resistance to PcBMM of esk1-7 single allele was similar to that of esk1-5 and irx1-6 plants, but significantly higher than that of sgb11 agb1-2 double mutant ( Figure 2d ). esk alleles were described as irregular xylem (irx) mutants with alterations in the shape and structure of xylem cells of the vascular tissues (Lefebvre et al., 2011) , which have been also reported in irx1-6 plants ( HernandezBlanco et al., 2007) .
As shown in Figures 1c and S3 , the esk1-7 mutation did not restore agb1-2-associated developmental phenotypes to those observed in wild-type plants (Wang et al., 2006; Friedman et al., 2011; Urano et al., 2016) . Some of these agb1-associated phenotypes were even enhanced (e.g. reduced plant height and silique length) in the esk1-7 agb1-2 plants compared with the agb1-2 plants. By contrast, hypocotyl length and apical hook opening of dark-germinated agb1-2 seedlings (Wang et al., 2006) were partially rescued by esk1-7 ( Figure S3f and g ). These data suggest that the esk1-7 allele specifically affects disease resistance and seedling development responses, but it does not have any impact on other developmental phenotypes modulated by AGB1. esk1-7/sgb11 mutation does not complement the hypersusceptibility of agb1-2 to P. syringae and H. arabidopsidis
The agb1-2 plants display increased susceptibility to the bacterium P. syringae pv. tomato DC3000 (Pto; Liu et al., 2013; Torres et al., 2013) . We determined whether the esk1-7 mutation restored the defense response of agb1-2 to Pto by spray-inoculating Col-0, agb1-2, agb1-2 esk1-7 and esk1-7 plants with this bacterium. The fls2 mutant, impaired in FLS2 PRR required for flg22 PAMP perception and bacterial resistance (Zipfel et al., 2004) , and the cpr5 plants displaying constitutive activation of the salicylic acid (SA) pathway (Bowling et al., 1997) were included as susceptible and resistance controls, respectively. As shown in Figure 3a , Pto growth in esk1-7 agb1-2 was similar (at 2 dpi) or enhanced (at 4 dpi) in comparison to that determined in agb1-2. Bacterial growth in the esk1-7 single mutant was significantly lower than that in agb1-2 and esk1-7 agb1-2, and quite similar to that determined in Col-0 wild-type plants, which supported lower bacterial growth than agb1-2 plants (Figure 3a) , as previously described (Liu et al., 2013; Torres et al., 2013) . These data indicate that impairment of ESK1 is not sufficient to compensate agb1-2 hypersusceptibility to Pto. Next, we tested whether resistance to the biotrophic oomycete H. arabidopsidis (Noco2 isolate) could be altered in the esk1-7 mutant. Twelve-day-old seedlings from Col-0, agb1-2, agb1-2 esk1-7 and esk1-7 genotypes were inoculated, and disease was estimated at 7 dpi by determining conidiospore production per mg fresh weight (FW). In these analyses were included NahG transgenic plants, which do not accumulate SA and are hypersusceptible to this oomycete, and Ler plants that harbor a resistance gene (RPP5) that confers resistance to the isolate tested (Delaney et al., 1994; Parker et al., 1997) . agb1-2 plants were highly susceptible to the oomycete, as evidenced by a higher conidiospores/mg FW value for agb1-2 plants than for wild-type plants (Figure 3b ). The esk1-7 mutation did not suppress agb1-2-enhanced susceptibility to this pathogen, and esk1-7 resistance was comparable to that of Col-0 plants (Figure 3b ). These data indicate that esk1-7 disease resistance to H. arabidopsidis was not altered.
The esk1-7 mutation does not fully restore to wild-type levels the defective PTI responses of agb1-2 plants
Because the heterotrimeric G-protein is a key PTI component (Liu et al., 2013; Cheng et al., 2015; Liang et al., 2016; Tunc-Ozdemir et al., 2016) , we studied the activation of early immune defense responses in esk1-7 plants upon treatment with the bacterial PAMP flg22 or a spore extract of PcBMM that contained a mixture of PAMPs (Jord a et al., 2016) . The ROS production in agb1-2 plants treated with flg22 or PcBMM extract was impaired, and it was almost similar to that of the fls2 and cerk1 mutants, which lacks the FLS2 and CERK1 PRRs required for the recognition of flg22 and fungal chitin PAMPs, respectively, and which did not produce any ROS (Figures 4a and S4a) . Notably, this defective ROS production of agb1-2 plants was not restored to wild-type levels in agb1-2 esk1-7 plants. In addition, ROS production in the esk1-7 single mutant and in the irx1-6 control plants was reduced compared with that in wild-type plants (Figures 4a and S4a). We next investigated the phosphorylation of MPK3/ MPK6/MPK4/MPK11 in plants treated with flg22 or PcBMM extract, and found that the defective phosphorylation of MPKs in agb1-2 was partially restored to wild-type levels in the agb1-2 esk1-7 plants, whereas the phosphorylation of MAPKs in esk1-7, irx1-6 and wild-type plants was almost identical and contrasted with the null phosphorylation observed in fls2 and cerk1 mutants (Figures 4b and S4b) . The defective upregulation of PTI marker genes (e.g. CYP81F2 and WRKY33) in the agb1-2 mutant upon flg22 or PcBMM extract treatment, as determined by reverse transcriptase (RT)-qPCR, was not fully restored to wild-type levels in the agb1-2 esk1-7 plants (Figures 4c and S4c ). In the esk1-7 plants treated with PcBMM spore extract and in the irx1-6 flg22-treated plants, induction of WRKY33 and CYP81F2 were slightly enhanced compared with wild-type plants, whereas induction of these genes was impaired in the control fls2 mutant and in cerk1 plants, with the exception of WRKY33 expression (Figures 4c and S4c) . Together, these data indicate that the defective PTI responses of agb1-2 plants were not fully restored to wild-type levels by the esk1-7 mutation, with the exception of MPKs phosphorylation. These data strongly support the hypothesis that esk1-7-mediated resistance is not associated with an enhanced upregulation of PTI. Because esk1-7 and irx1-6 plants have a reduced production of ROS upon PAMP treatment, and ROS regulates cell death formation (Torres, 2010) , we determined the induction of cell death and ROS production by trypan blue and 3,3 0 -diaminobenzidine staining, respectively, in PcBMMinoculated leaves from 3-week-old plants. As shown in Figure S5 , cell death and, to a lesser extent, ROS production were reduced in the esk1-7 plants compared with wild-type plants. Moreover, cell death produced by PcBMM infection was significantly reduced in the agb1-2 esk1-7 compared with agb1-2 plants ( Figure S5a and b) , further supporting the enhanced resistance of agb1-2 esk1-7 plants to the fungus.
esk1-7 plants show a constitutive accumulation of ABA and upregulation of defense-associated genes ESK1 mutant alleles have been described to exhibit altered levels of ABA and constitutive expression of ABA-regulated genes, including some modulating plant responses to abiotic stresses (Xin et al., 2007; Lefebvre et al., 2011) . Because the ABA-signaling pathway is critical for proper defense responses against PcBMM (Chen et al., 2005; Hernandez-Blanco et al., 2007; S anchez-Vallet et al., 2012) and is constitutively activated in the PcBMM-resistant irx1-6 plants, we analyzed the expression of some ABA-mediated defense-associated genes in agb1-2 esk1-7 and esk1-7 plants. ABA-regulated genes, such as RD22 and NCED3, or defense-related genes, like LTP3 or CYP79B3, were constitutively upregulated in agb1-2 esk1-7 and esk1-7 plants, and their levels of expression were similar to that of irx1-6 plants ( Figure 5a ; Hernandez-Blanco et al., 2007) . Moreover, the constitutive overexpression of ABA-regulated genes is in line with the increased levels of abscisate found in the esk1-7 and irx1-6 mutants in comparison to that determined in Col-0 plants ( Figure S6 ; Chen et al., 2005; Lefebvre et al., 2011) . Together, these data suggest that the enhanced resistance to PcBMM of esk1-7 plants is due to the activation of the ABA pathway and the expression of genes encoding antimicrobial peptides (e.g. LTP3) and enzymes involved in the synthesis of tryptophan-derived metabolites (e.g. CYP79B3). These peptides and metabolites have antibiotic activity against PcBMM (HernandezBlanco et al., 2007; Sanchez- Vallet et al., 2010) . By contrast, in uninfected esk1-7 and esk1-7 agb1-2 plants we did not detect constitutive expression of genes regulated by defense hormones like SA, ethylene, jasmonic acid or ethylene + jasmonic acid (PR1, PR4, LOX2 and PDF1.2, respectively; Figure S7 ).
Constitutive activation of ABA signaling results in an enhanced tolerance to drought (Chen et al., 2005; Bouchabke-Coussa et al., 2008) and, accordingly, irx1-6 plants show enhanced recovery from water deprivation followed by re-watering (Hernandez-Blanco et al., 2007) . We tested whether esk1-7 might have a similar phenotype to that of irx1-6. Three-week-old soil-grown Col-0, esk1-7, irx1-6, agb1-2 and agb1-2 esk1-7 plants and the control aba1-6 mutant were restricted completely from water for 21 days, then the wilted plants were re-watered for 7 days and the number of surviving plants was scored. As shown in Figure S8 , esk1-7, agb1-2 esk1-7 and irx1-6 showed an enhanced resistance to water deprivation with a survival rate over 80%.
esk1-7 and irx1-6 show overlapping metabolomic profiles
Because the esk1-7 and irx1-6 mutants are impaired in cell wall xylan and cellulose composition, respectively, and have similar developmental phenotypes, immune responses and resistance to biotic and abiotic stresses (Hernandez-Blanco et al., 2007; Xin et al., 2007; Lefebvre et al., 2011) , we investigated whether the irx1-6 allele complemented agb1-2-enhanced susceptibility to PcBMM. We generated agb1-2 irx1-6 plants that were inoculated with PcBMM, and we found that the irx1-6 allele, similar to the esk1-7 allele, restored to wild-type levels the enhanced susceptibility of agb1-2 plants to the fungus ( Figure S9 ).
Independent transcriptomic analyses of esk1-7 and irx1-6 were performed previously under different growth conditions, and some constitutively upregulated genes were found to be common to both mutants (Figure 6a ; Hernandez-Blanco et al., 2007; Xin et al., 2007) . To further characterize specific or common defensive responses in esk1-7 and irx1-6 plants, we performed a global comparative metabolomic analysis on 4-week-old, non-inoculated esk1-7, irx1-6 and wild-type plants. Among the 320 metabolites tested, we found significant alterations in the content of 93 and 78 metabolites in irx1-6 and esk1-7, respectively (Figure 5b ; Table S1 ). Interestingly, a high degree of concordance was observed between esk1-7/irx1-6 profiles with 55 metabolites showing similar patterns (enhanced accumulation or reduction) compared with wild-type plants (Figure 5b ; Table S1 ). Despite these overlapping profiles, some compounds showed specific patterns (23 in esk1-7, and 38 in irx1-6; Figure 5c ; Table S1 ), indicating that the defense responses and metabolism reprogramming were not identical in both mutants. For example, in irx1-6, we found an enrichment of metabolites of the tricarboxylic acid and the serine and ascorbate metabolic pathways, whereas in esk1-7 the riboflavin/FAD, phospholipid and a-ketoglutarate-related pathways were enriched (Figure 5c ; Table S1 ). Remarkably, some groups of metabolites associated with plant defensive responses, such as glucosinolates, benzenoides, polyamines and phenylpropanoids, were overrepresented in both mutants in comparison to wild-type plants (Figure 5c ). Among these metabolites, there were several aliphatic-glucosinolates (e.g. glucoraphanin, sulforaphan and sulforphan-N-acetyl-cysteine) and indole-glucosinolate (e.g. indole-3-carboxylic acid), which are required for pathogen resistance (Sanchez-Vallet et al., 2010; Schlaeppi and Mauch, 2010; Fan et al., 2011) . The increased levels of these defensive metabolites in esk1-7 and irx1-6 may contribute to the generation of a hostile environment for the pathogens inhibiting their growth. Similarly, several abiotic stress-associated metabolites, in addition to the previously described proline (Xin and Browse, 1998) , accumulated in the esk1-7 and irx1-6 mutants compared with wild-type plants. Among them were several compounds of proline metabolism (trans-4-hydroxyproline, N-acetyl-proline, myo-inositol) and carbohydrates, like sucrose and galactinol, contributing to plant osmoprotection ( Figure 5c ; Table S1 ; Taji et al., 2002; Szabados and Savour e, 2010) . The accumulation of these metabolites would explain the enhanced resistance of these plants to dehydration ( Figure S8 ).
esk1-7 and agb1-2 plants show alterations in the degree of cell wall xylan acetylation ESK1 is a polysaccharide O-acetyltransferase involved in xylan acetylation (Urbanowicz et al., 2014) , and changes in Figure 5 . Defensive responses are constitutively upregulated in esk1-7 and irx1-6 plants. (a) Gene expression was determined by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) in tissues from 21-day-old untreated plants, and are represented as the average (n = 3 AE SE). Transcript levels of analyzed genes were normalized to the Arabidopsis UBC21 gene. Asterisks indicate significant differences compared with Col-0 plants (Student's t-test, P < 0.05). These experiments have been performed three times with similar results. (b) Comparative metabolite enrichment of esk1-7 and irx1-6 plants. The Venn diagram shows the number of miss-regulated metabolites identified in esk1-7 and irx1-6 in comparison to wild-type plants (P < 0.1). (c) Metabolic pathway enrichment in esk1-7 and irx1-6. Values were calculated as the number of experimentally regulated compounds (P < 0.05) relative to all detected compounds in a pathway, compared with the total number of experimentally regulated compounds relative to all detected compounds in the study (321). Pathways with less than three metabolites were not included in the analysis. Arabidopsis cell wall composition have been described in the esk1 mutant alleles (Xiong et al., 2013; Yuan et al., 2013) . In order to determine if similar minor types of wall modifications occurred in esk1, rather than major wall remodeling, we monitored some cell wall carbohydrate components (cellulose, neutral sugars and uronic acids) in the rosette of 3-week-old plants, and we found no major differences between the esk1-7, esk1-7 agb1-2, agb1-2 and wild-type plants ( Figure S10 ). To determine the degree of xylan acetylation in the set of genotypes, methods for hemicellulose extraction and purification were used that did not involve the typical alkali treatments, which give high yield extraction but lead to extensive deacetylation of hemicelluloses. Instead, xylans were extracted using dimethylsulfoxide, as described in H€ agglund et al. (1956) . We confirmed a decreased acetic acid:xylose ratio in the esk1-7 mutants, as reported previously (Xiong et al., 2013; Yuan et al., 2013) , and also in the irx1-6 cell wall mutant ( Figure S11 ). Notably, agb1-2 cell walls also showed a slight reduction in acetic acid:xylose ratio compared with wild-type plants, which was not restored to wild-type levels in the esk1-7 agb1-2 plants. However, modifications in the degree of acetylation of xylan were minor, although significant, and the genotypes showed no real variability in the profile of decorated oligosaccharides produced by the xylanase enzyme, as inferred from MALDI-TOF-MS analysis ( Figure S11a ). These data suggest that different mutations impairing genes required for secondary cell wall formation cause subtle alterations in polysaccharide decoration that result in relevant changes in cell wall integrity.
DISCUSSION
The Arabidopsis heterotrimeric G-protein complex is a key component of PTI and broad-spectrum disease resistance responses (Llorente et al., 2005; Trusov et al., 2006; Ishikawa, 2009; Lorek et al., 2013; Torres et al., 2013; Cheng et al., 2015; Brenya et al., 2016) . AGB1 and AGG1 + AGG2 subunits are essential for the activation of PTI, and activation of heterotrimeric G function in immunity depends on the phosphorylation of the AtRGS1 negative regulator by some PRRs upon ligand recognition (Liu et al., 2013; Aranda-Sicilia et al., 2015; Liang et al., 2016; Tunc-Ozdemir et al., 2016) . Therefore, it was surprising to find here that the restoration of the wild-type PcBMM resistance levels in agb1-2 plants by esk1 mutation was not the result of an effective re-activation of PTI in agb1-2 plants, with the exception of MAPKs phosphorylation (Figures 1 and 3 ). Our data demonstrate that the agb1-2 defective PTI was counterbalanced by alteration of agb1-2 wall xylan-decoration through inactivation of the xylan-specific O-acetyltransferase ESK1/TBL29 (Urbanowicz et al., 2014) . Impairment of the ESK1/TBL29 gene results in a slight reduction of xylan acetylation in cell walls from leaves of 3-week old esk1-7 plants ( Figure S11 ), that is in line with the previously described reduced xylan acetylation of the secondary cell wall of inflorescence stems from mature plants of other esk1 alleles (Xiong et al., 2013; Yuan et al., 2013) . These results suggest that strategies of defense to pathogens are multi-layered and, in some ways, are pathogen specific, and that only by impairing some canonical layers of defense (e.g. heterotrimeric G-protein) the relevance of additional immune responses (i.e. cell wallmediated defense) and their role in specific-resistance responses can be determined (Figure 6 ; Lipka et al., 2005) .
Notably, in the agb1-2 esk1-7 double mutant we found PTI-independent defensive responses that were constitutively activated, including ABA-enhanced accumulation and expression of ABA-regulated genes, the expression of Figure 6 . Cell-wall-based immunity mediated by ESK1 impairment. In wild-type plants (left panel), pathogen-associated molecular patterns (PAMPs) perception by pattern recognition receptors (PRR) and co-receptors leads to the activation of heterotrimeric G-protein complex, which in turns modulate reactive oxygen species (ROS) production, mitogen-activated protein kinase (MAPK) phosphorylation and gene expression to positively activate pattern-triggered immunity (PTI). In agb1-2 mutants (right panel), these responses are defective, but alterations in plant cell wall xylan acetylation caused by esk1 mutation lead to the activation of cell wall-mediated DAMP triggered immunity (DTI) responses, which overcompensate agb1-2-defective PTI responses. genes encoding antimicrobial peptides and enzymes required for the synthesis of tryptophan-derived metabolites, and the accumulation of defensive-associated secondary metabolites ( Figure 5 ). The majority of the esk1-7 constitutively activated immune responses are also upregulated in the irx1-6 plants, and both mutants show a significant overlap in their metabolomic profiles. The esk1-7 plants show a reduction in PAMP-triggered ROS production and in cell death upon fungal infection (Figures 4, S4 and S5), which might also contribute to slow-down PcBMM growth. In line with these data, impairment of the IRX1 gene in agb1-2 irx1-6 double mutant also resulted in a restoration of PcBMM resistance to wild-type levels (Figure S9) . Despite the similarities between the esk1-7 and irx1-6 defensive responses, the irx1-6 mutant shows enhanced resistance to several pathogens, including H. arabidopsis (Hernandez-Blanco et al., 2007) , whereas esk1-7 resistance to this oomycete does not differ from that of wild-type plants (Figure 3b ). Altogether, these results suggest that modifications in cell walls provide specificity in pathogen defense, as reported previously (Miedes et al., 2014) . Effective defense against pathogens might result from alterations of the biochemical or structural properties of the cell wall in the mutants or transgenic plants, which are expected to lead to either stronger or weaker walls (Lionetti et al., 2012; Miedes et al., 2014) . This would result in walls being generally more recalcitrant or more susceptible to degradation by cell wall-degrading enzymes secreted by fungal pathogens. For example, the deacetylation of wall polysaccharides (e.g. xylan, mannan and rhamnogalacturonan I) is a prerequisite for the enzymatic degradation of walls by most if not all microbial pathogens and saprophytes. Some specific microorganisms secrete acetyl xylan esterases (AXEs) that deacetylate polymeric xylan and xylo-oligosaccharides, as well as enzymes that deacetylate other wall components (Biely, 2012; Pawar et al., 2013) . Subtle cell wall modifications, such as the degree of acetylation, are therefore expected to thwart ingress of certain pathogens. Another possible explanation for the basis of pathogen specificity in plant defense mediated by cell wall integrity is the release of plant cell wall-derived signals as a product of cell wall degradation by pathogen-secreted enzymes. Among these wall-released signals are pectinderived oligogalacturonides, which are damage-associated molecular patterns (DAMPs) that can trigger immunity (DTI responses; Ferrari et al., 2013) . Subtle alterations in the cell wall structure may lead to the production of different types of wall DAMPs that might activate specific wall-mediated DTI responses. In agb1-2 esk1-7 plants, DTI could overcompensate the deficient PTI responses (Figure 6) .
The relationship between cell wall acetylation and biotic/ abiotic resistance is complex. Acetylation of xylans and other wall polysaccharides is essential for plant growth and plant adaptation to environmental changes (Pawar et al., 2013; Busse-Wicher et al., 2014; Yuan et al., 2016) . Three groups of plant proteins are involved in polymer O-acetylation: TBLs, RWAs (reduced wall acetylation) and AXY9 (altered xyloglucan 9; Gille and Pauly, 2012; Schultink et al., 2015) . In addition to esk1/tbl29, that shows enhanced disease resistance to PcBMM and P. syringae (Figures 1 and  3) , other tbl mutants have altered immune responses. For example, pmr5 (tbl44) exhibits tolerance to powdery mildew (Vogel et al., 2004) , and rice tbl1 tbl2 double mutant displays enhanced susceptibility to rice blight disease (Gao et al., 2017) . Mutation of RWA2 results in an overall reduction of acetylation on several polymers and enhanced resistance to some pathogens, like H. arabidopsidis and the necrotrophic fungus B. cinerea, but not to PcBMM and the bacterium P. syringae (Manabe et al., 2011; Pawar et al., 2016) . Moreover, transgenic plants overexpressing AXE enzymes form Aspergillus niger or Aspergillus nidulans have reduced xylan acetylation and increased resistance to H. arabidopsidis and B. cinerea, but not to PcBMM and P. syringae (Pogorelko et al., 2013; Pawar et al., 2016) . Moreover, the esk1 (tbl29) mutant displays freezing tolerance in the absence of cold acclimation and enhanced resistance to long periods of dehydration (Xin and Browse, 1998; Xin et al., 2007; Bouchabke-Coussa et al., 2008;  Figure S8 ). Metabolic profiling confirmed that esk1-7 accumulates high levels of stress-associated metabolites (Table S3 ; Xin and Browse, 1998; Lugan et al., 2009) . Altogether, these observations reveal the complex and diverse type of impacts that modifications of cell wall acetylation have in plant response to environmental stresses.
The G-protein pathway defines a central signaling node for cellular behaviors . The esk1-7 mutation does not restore defective developmental phenotypes of agb1-2 plants like their rounder leaves and short siliques (Ullah et al., 2001 (Ullah et al., , 2003 , whereas the defective hypocotyl length and hooks curvature of dark-grown agb1-2 seedlings (Wang et al., 2006; Friedman et al., 2011) were only partially restored in esk1-7 agb1-2 plants. This contrasted with the restoration of these phenotypes in agb1-2 plants with extragenic gain of function suppressors (e.g. sgb1 and sgb3; Wang et al., 2006; Friedman et al., 2011) . We hypothesize that esk1-7 is able to rescue hypocotyl length in the agb1-2 mutant by allowing cell wall expansion, because many components such as pectins and xyloglucans are assembled in the Golgi apparatus where ESK1 is also located (Baydoun et al., 1991; Yuan et al., 2013) . Notably, the extragenic gains of function suppressors (sgb1-sgb8) were not able to restore to wild-type levels agb1-2 susceptibility to PcBMM, indicating that there is some degree of specificity in the signaling pathways regulated by the G-protein complex. Our data suggest that the heterotrimeric G-protein complex could have a role as a cell wall integrity regulator, mediating responses to biotic or abiotic stresses that impact on the cell wall composition and structure. For that function, we hypothesize that the G-protein would interact with downstream effectors (e.g. PRRs) acting as cell wall integrity sensors, in a similar way as has been described for immunity (Figure 6; Aranda-Sicilia et al., 2015; Liang et al., 2016) . The identification of these downstream effectors and wall DAMPs regulating these immune responses will contribute to better understanding of the key roles of heterotrimeric G-protein complex in plant immunity.
EXPERIMENTAL PROCEDURES Biological materials and growth conditions
Arabidopsis plants were grown in sterilized soil, as described previously (Llorente et al., 2005) 
Pathogenicity assays
Plectosphaerella cucumerina BMM inoculation and determination of disease symptoms were performed as described (Jord a et al., 2016) . Briefly, a suspension of 4 9 10 6 spores/ml of PcBMM was sprayed onto 17-day-old Arabidopsis. The DR scale was as follows (Jord a et al., 2016): (0) no symptoms; (1) leaves with chlorosis; (2) one-two necrotic leaves; (3) three or more leaves with necrosis; (4) most of the leaves with profuse necrosis; (5) dead plant. Oligonucleotides used for PcBMM biomass quantification are depicted in Table S3 . Inoculation of plants with H. arabidopsidis and determination of level of infection were performed as reported, using a conidiospore suspension of 4 9 10 4 spores/ml of the Noco2 isolate (Llorente et al., 2005) . Pseudomonas syringae pv tomato was spray inoculated onto plants following described methods (Torres et al., 2013) . All pathogens resistance assays were performed with at least 10 plants and repeated three times.
Trypan blue and diaminobenzidine (DAB) stainings
Arabidopsis plants were spray inoculated with a PcBMM suspension of 4 9 10 6 spores/ml or water (mock), and 48 h post-inoculation (hpi) leaves were collected for trypan blue or DAB staining following procedures described in Morales et al. (2016) . Quantification of stained areas was performed using Fiji software (Schindelin et al., 2012) . To quantify the stained pixel, leaves images were adjusted using Brightness/Contrast and RGB default Threshold Color methods, and stained areas were detected within the Analyze Particles function. The total leaf area was measured with Polygon Selections and Measure function. Total stained pixels were normalized to total leaf area and represented as % of total leaf surface.
Suppressor screen of agb1-2 mutants and genetic mapping of SGB11 An EMS-treated (0.3% for 16 h) agb1-2 population (50 000 seeds) was generated. Germination efficiency of this mutagenized EMS population was approximately 80%. For sgb mutant screen, about 15 000 17-day-old plants grown in soil were inoculated with 4 9 10 6 spores/ml of PcBMM, and disease progression was macroscopically evaluated at different dpi. A sgb11 (Col-0) 9 La-0 F2 population of 2035 individuals was generated to map the SGB11 gene. F2 sgb11 plants were selected based on their characteristic irregular xylem-like phenotype that resembles that of irx1 (Hernandez-Blanco et al., 2007) . The sgb11/esk1 mutation was mapped to chromosome 3 between markers AthCDC2BG (BAC F24B22, one recombinant) and nga707 (BAC T20N10, four recombinants), using the primers described in Table S2 . To further position the sgb11/esk1 mutation, genomic DNA from sgb11 plants was fully sequenced using the Illumina technology (BGI, Hong Kong), and a single nucleotide transition was found in the ESKIMO gene (At3g55990).
Morphometric analyses
Arabidopsis seeds were grown in MS medium containing 1% sucrose and 0.8% phyto agar. After a 2-4 h light pretreatment, seeds were incubated in the dark at 23°C for 60 h. Hypocotyl lengths and apical hook angles from 24 plants/genotypes were quantified using ImageJ software. Traits were statistically analyzed using the Bonferroni test (ANOVA, P < 0.05). Forty-four-dayold Arabidopsis plants grown in white light at 175 lmol m À2 sec
À1
under short day conditions were used to perform all morphometric analyses. Measurements were performed on 10 plants, and the experiments were repeated twice following the procedures described by Shpak et al. (2004) .
Evaluation of immune responses
Mitogen-activated protein kinase (MAPK) activation assays and gene expression analysis after treatment with either PcBMM spore extracts or 100 nM flg22 were carried out as described with 12-dayold Arabidopsis seedlings grown on liquid MS medium (Jord a et al., 2016). Three-week-old plants were used to determine ROS production after treatment with PcBMM spore extracts or 100 nM flg22 using the luminol assay and a VariosKan Lux luminescence reader (Thermo). Oligonucleotides (designed with Primer Express 2.0; Applied Biosystems) used for detection of gene expression are described in Table S3 .
Drought assays
Three-week-old soil-grown plants (n = 8) were restricted completely from water for 21 days. Wilted plants were then watered for 7 days, and the number of recovered plants was scored. The experiments were performed four times.
Metabolomic analysis
Tissues from 25-day-old Col-0, esk1-7 and irx1-6 plants (n = 10) were collected, ground in liquid nitrogen and lyophilized. Four biological replicates for each of these genotypes were further processed and analyzed by Metabolon (Research Triangle Park, North Carolina, USA) for global unbiased metabolite profiling as described (Ren et al., 2012) . Metabolites altered in irx1-6 and esk1-7 plants are shown in Table S1 . Abscisate levels were measured in at least triplicates of each genotype (25 day old plants) by ultra-performance liquid chromatography (Waters ACQUITY) and a Thermo Scientific Q-Exactive high-resolution/accurate mass spectrometer interfaced with a heated electrospray ionization (HESI-II) source and Orbitrap mass analyzer operated at 35 000 mass resolution.
Phylogenetic analysis
Unrooted phylogenetic trees were generated using the NeighborJoining algorithm in MEGA5 (Tamura et al., 2011) , and inferred (Table S4) . Data from Arabidopsis eFP Browser were used for gene expression (Winter et al., 2007) .
Biochemical characterization of plant cell walls and analysis of xylan acetylation
Cell walls were prepared from 25-day-old Arabidopsis plants according to Bacete et al. (2017) , and total monosaccharides, uronic acids and crystalline cellulose were determined as previously described (M elida et al., 2009) . Fractions enriched in hemicellulose were obtained from cell wall material by extractions in dimethylsulfoxide (DMSO) at room temperature followed by dialysis (molecular weight cutoff 3500 Da; Spectra/Por; Spectrum Laboratories) of the DMSO-soluble fraction. The dialyzed samples were then lyophilized. A MALDI-ToF approach was utilized to analyze cell wall xylans (McKee et al., 2016) . Total acetic acid content in the 1 M NaOH extracts from total cell walls and DMSO hemicellulosic fractions were determined using the Acetyl-CoA Synthetase kit (Megazyme K-ACET). The xylose content of DMSO extracts was determined after the conversion of 2 M TriFluoroAcetic acid-hydrolyzed (121°C for 3 h) monosaccharides to alditol acetates (M elida et al., 2013) .
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